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Experimentally available parameter space for 
WIMPs in 2014



Physics aim of noble liquid dark matter experiments
• Observe WIMP dark matter via elastic scattering off xenon and argon nuclei
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Two detector concepts
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The XENON100 experiment: 2008-2015

• Double phase time projection chamber with 161 kg 
(30-50 kg) of LXe total (fiducial), at LNGS

• 30 cm e- drift length, 30 cm diameter

• 2 arrays of 1-inch, low-background PMTs + LXe veto

• Low radioactivity - screened/selected - materials

Instrument described in:
Astroparticle Physics 35, 2012

Material screening results in:
JINST 6, 2011

Detailed analysis paper:
Astroparticle Physics 54, 2014

Top array: 98 PMTs Bottom array: 80 PMTs



Results from XENON100
• Ultra-low background and design sensitivity 

achieved

• Background: ~ 5 x 10-3 events/(kg d keV)

• No evidence for WIMP dark matter

• Upper limits on SI, SD WIMP-nucleon cross 
sections (PRL 109, PRL 111)
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New and upcoming results from XENON100

• Search for solar axions and galactic ALPs

• Based on the same 224.6 live days x 34 kg 
exposure

• Using the electronic-recoil spectrum, and 
measured light yield for low-energy ERs 

• Next: annual modulation, low-mass WIMPs, 
inelastic scattering on 129Xe (and additional 150 
days run close to unblinding)
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FIG. 3: Background model N
b

⇥ f
b

(grey line), scaled to the
correct exposure, as explained in the text. f

b

is based on the
60Co and 232Th calibration data (empty blue dots), and is
used in Eq.4. The 3 PE threshold is indicated by the vertical
red dashed line.

where ✏(S1) is the acceptance and �
PMT

= 0.5 PE is the
PMT resolution [23].

The background spectrum, f
b

, is modeled based on
60Co and 232Th calibration data. The spectrum is scaled
to the science data exposure by normalizing it to the
number of events seen outside the signal region. For so-
lar axions, it is done between 30 and 100 PE, and for
galactic ALPs below m

A

[pe]�2� and above m
A

[pe]+2�,
where m

A

[pe] is the ALP mass in units of PE and � is
the width of the expected signal peak, see Fig.6. Then,
the scaled background spectrum is integrated in the sig-
nal region to give the expected number of background
events, N

b

. The background model scaled to the correct
exposure, N

b

⇥ f
b

, is shown in Fig.3, along with the
scaled calibration spectrum.

The energy scale term in Eq.3, L2, has been
parametrised with a single nuisance parameter t. The
likelihood function is defined to be normally distributed
with zero mean and unit variance, corresponding to

L2(n
exp(t)) = e�t

2
/2, (7)

where t = ±1 corresponds to a ±1� deviation in nexp, as
shown in Fig.2, i.e., t = (nexp � nexp

mean

)/�.

III. RESULTS

A. Solar axions

The remaining events after all the selection cuts are
shown in Fig.4 as a function of S1. The solid grey line
shows the background model, N

b

⇥ f
b

. The expected S1
spectrum for solar axions, lighter than 1 keV/c2, is shown
as a blue dashed line for g

Ae

= 2 ⇥ 10�11, the best limit
so far reported by the EDELWEISS-II collaboration [30].
The data are compatible with the background model, and
no excess is observed for the background only hypothesis.

Fig.5 shows the new XENON100 exclusion limit on g
Ae

at 90% CL. The sensitivity is shown by the green/yellow
band (1�/2�). As we used the most recent and accurate
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FIG. 4: Event distribution of the data (black dots), and back-
ground model (grey) of the solar axion search. The expected
signal for solar axions with m

A

< 1 keV/c2 is shown by the
dashed blue line, assuming g

Ae

= 2 ⇥ 10�11, the current best
limit from EDELWEISS-II [30]. The vertical dashed red line
indicates the low S1 threshold, set at 3 PE. The top axis shows
the expected mean value of the electronic recoil energy.
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FIG. 5: The XENON100 limits (90% CL) on solar axions is
indicated by the blue line. The expected sensitivity is given
by the green/yellow bands (1�/2�). Limits by EDELWEISS-
II [30], and XMASS [31] are shown, together with the lim-
its from a Si(Li) detector from Derbin et al. [32]. The
contour area corresponds to a possible interpretation of the
DAMA/LIBRA annual modulation signal as originating from
axions [33]. Indirect astrophysical bounds from solar neutri-
nos [34] and red giants [35] are represented by dashed lines.
The benchmark DFSZ and KSVZ models are represented by
grey dashed lines [4–7].

calculation for solar axion flux from [10], which is valid
only for light axions, we restrict the search to m

A

< 1
keV/c2. For comparison, we also present recent exper-
imental constraints [30–32] and the DAMA/LIBRA an-
nual modulation signal [33] interpreted as being due to
axion interactions. Astrophysical bounds [34, 35] and
theoretical benchmark models [4–7] are also shown.For
solar axions with masses below 1 keV/c2 XENON100 is
able to set the strongest constraint on the coupling to
electrons, excluding values of g

Ae

larger than 7.7⇥ 10�12

arXiv:1404.1455
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where ✏(S1) is the acceptance and �
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PMT resolution [23].
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FIG. 5: The XENON100 limits (90% CL) on solar axions is
indicated by the blue line. The expected sensitivity is given
by the green/yellow bands (1�/2�). Limits by EDELWEISS-
II [30], and XMASS [31] are shown, together with the lim-
its from a Si(Li) detector from Derbin et al. [32]. The
contour area corresponds to a possible interpretation of the
DAMA/LIBRA annual modulation signal as originating from
axions [33]. Indirect astrophysical bounds from solar neutri-
nos [34] and red giants [35] are represented by dashed lines.
The benchmark DFSZ and KSVZ models are represented by
grey dashed lines [4–7].

calculation for solar axion flux from [10], which is valid
only for light axions, we restrict the search to m

A

< 1
keV/c2. For comparison, we also present recent exper-
imental constraints [30–32] and the DAMA/LIBRA an-
nual modulation signal [33] interpreted as being due to
axion interactions. Astrophysical bounds [34, 35] and
theoretical benchmark models [4–7] are also shown.For
solar axions with masses below 1 keV/c2 XENON100 is
able to set the strongest constraint on the coupling to
electrons, excluding values of g

Ae

larger than 7.7⇥ 10�12

Background 

Signal
mA < 1 keV/c2

gAe = 2⇥ 10�11

2

duced via Bremsstrahlung, Compton scattering, axio-
recombination and axio-deexcitation [10] (referred to as
solar axions). Additionally, searches can be conducted for
ALPs that may have been generated via a non-thermal
production mechanism in the early universe and which
now constitute the dark matter in our galaxy (referred
to as galactic ALPs).

Axions and ALPs may give rise to observable signa-
tures in detectors through their coupling to photons
(g

A�

), electrons (g
Ae

) and nuclei (g
AN

). The coupling
g
Ae

may be tested via scattering o↵ the electron of
a target, such as liquid xenon (LXe), through the
axio-electric e↵ect [11–15]. This process is the analogue
of the photo-electric e↵ect with the absorption of an
axion instead of a photon.

We report on the first axion searches performed with
the XENON100 detector. The expected interaction rate
is obtained by the convolution of the flux and the axio-
electric cross section. The latter is given, both for QCD
axions and ALPs, by

�
Ae

= �
pe

(E
A

)
g
Ae

2

�
A

3E
A

2

16⇡ ↵
em

m
e

2

 
1� �2/3

A

3

!
, (1)

as described in [12–16]. In Eq. 1, �
pe

is the photoelectric
cross section for LXe [17], E

A

is the axion energy, ↵
em

is
the fine structure constant, m

e

is the electron mass, and
�
A

is the axion velocity over the speed of light, c.

The solar axion flux has recently been recalculated
in [10]. This incorporates four production mechanisms
that depend upon g

Ae

: Bremsstrahlung, Compton scat-
tering, atomic recombination, and atomic deexcitation.
The corresponding flux is 30% larger than previous es-
timates due to atomic recombination and deexcitation,
which were not previously taken into account. However,
[10] does not include corrections for axions with a mass
larger than 1 keV/c2, which constitutes an upper mass
limit for our analysis. For solar axions, both flux and
cross-section depend upon g2

Ae

, thus the interaction rate
scales with the fourth power of the axion-electron cou-
pling.

For non-relativistic ALPs in the galaxy, assuming
that they constitute the whole dark matter halo density
(⇢

DM

⇠ 0.3 GeV/cm3 [18]), the total flux is given by
�ALP = c�

A

⇥ ⇢
DM

/m
A

, where m
A

is the ALP mass.
The interaction rate for these ALPs depends on g2

Ae

,
as the flux is independent from the axion coupling. As
�
A

⇡ 10�3 in the non-relativistic regime, the velocities
cancel out in the convolution between �

Ae

and the flux.
Thus the expected electron recoil spectrum is indepen-
dent from the particle speed. As the kinetic energy of
the ALPs is negligible with respect to their rest mass en-
ergy, a monoenergetic peak at the axion mass is expected
in the spectrum.

II. ANALYSIS

A. XENON100

The XENON100 detector is a double-phase time pro-
jection chamber with a LXe target operating at the Lab-
oratori Nazionali del Gran Sasso (LNGS) in Italy. A
total of 178 low radioactivity, UV-sensitive photomulti-
plier tubes (PMTs) measure signals induced by particles
interacting in the sensitive volume, which contains 62 kg
of ultra-pure LXe. An energy deposition in the detector
produces both scintillation photons and ionization elec-
trons. The electrons, moved from the interaction point
by a drift field of 530 V/cm, are extracted from the liquid
and accelerated in the gas by a 12 kV/cm field, producing
proportional scintillation light. The direct scintillation
signal (S1) and the amplified charge signal (S2) are de-
tected by the PMTs. The time di↵erence between the S1
and the S2 signals is used to estimate the z-coordinate of
the interaction, while the S2-hit-pattern on the PMTs is
employed to estimate the (x , y) - coordinate. A detailed
description of the instrument and its operational princi-
ple is given in [19].
The XENON100 detector is installed at LNGS, at an

average depth of 3600m water equivalent, where the
muon flux is suppressed by six orders of magnitude with
respect to sea level. Due to a careful selection of materi-
als, the total background in the inner 34 kg fiducial vol-
ume is 5.3⇥ 10�3 events/(keV ⇥ kg ⇥ day) [20, 21]. This
ultra low background makes XENON100 sensitive to rare
event searches in general, and in particular for those pro-
ducing electronic recoils (ER), as is the case for axions.

B. Data sample and analysis

In this work, we analyse the same data set used for the
spin-independent [20] and spin-dependent [22] WIMP-
searches, with an exposure of 224.6 live days and 34 kg
fiducial mass. Detailed information on the analysis pro-
cedure is available in [23]. The same quality and selection
cuts are applied, with the exception of a consistency cut
on the S2 width, which was found to be not useful for
this ER analysis.
Fig.1 (top) shows the distribution in the log10(S2b/S1)

vs.S1 for calibration data (grey dots), and the science
data passing all the selection cuts (black dots), where
only the S2 signal detected by the bottom PMTs, S2

b

, is
used since it requires smaller corrections [19]. The cali-
bration data is obtained by exposing the detector to 60Co
and 232Th sources. The mean of the log10(S2b/S1) band
from the calibration is subtracted in order to remove the
energy-dependence of this parameter. The lower energy
threshold was set to 3 photoelectrons (PE) in S1 in order
to limit the presence of random coincidences from dark
counts in the PMTs. In addition, a lower threshold of
150 PE in S2 has been imposed to be una↵ected by the
trigger threshold [23]. In order to reject ER events with

Look for solar axions via their couplings to 
electrons, gAe, through the axio-electric effect

�A / g2Ae ) R
exp

/ g4
Ae

http://arxiv.org/abs/1404.1455
http://arxiv.org/abs/1404.1455
http://arxiv.org/abs/1404.1455
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http://arxiv.org/abs/1404.1455
http://arxiv.org/abs/1404.1455


The XENON1T experiment

• Under construction at LNGS since autumn 2013; commissioning planned for 2015

• Total (active) LXe mass: 3.3 t (2 t), 1 m electron drift, 248 3-inch PMTs in two arrays

• Background goal: 100 x lower than XENON100 ~ 5x10-2 events/(t d keV)

XENON1T
XENON1T at LNGS



XENON1T: status of construction work
• Water tank, PMT holders, service building, electrical plant completed

• Support structure for the cryostat installed in the water tank

• Integration of several subsystems (cryostat, cryogenics, storage, purification, cables, pipes ) 
already started, or to start this summer

+'-



XENON1T: status of construction work
• Last week: ~9 km of cables (signal + HV, 

XENON1T+nT) installed in the 8 m long 
“umbilical pipe” connecting the inner detector, 
through the water shield, to the outside

• This week: pipe baked and pumped (to ~3e-5 
mbar); now Rn emanation measurement in 
progress



XENON1T outer cryostat



The XENON1T inner detector

127  3’’ sensors top

121  3’’ sensors bottom

Top array: 127 PMTs
→ radial 

arrangement

Bottom array: 121 PMTs
→ closest packing

Custom made
low background

connectors

Anode Prototype

OFHC Cu field shaping electrodes

Anode Prototype

Interlocking PTFE reflector

PTFE support bars

PTFE reflector between PMTs

TPC Details

Tuesday, April 16, 13

Top array: 127 PMTs
→ radial 

arrangement

Bottom array: 121 PMTs
→ closest packing

Custom made
low background

connectors

Anode Prototype

OFHC Cu field shaping electrodes

Anode Prototype

Interlocking PTFE reflector

PTFE support bars

PTFE reflector between PMTs

TPC Details

Tuesday, April 16, 13

The TPC

• PMTs are screened with HPGe, then tested in cold gas and - a subsample - in LXe

• TPC design is finalized, currently under prototyping, materials being screened



The XENON1T photosensors

Low-Radioactivity R11410-21 for XENON1T

33
Tuesday, April 16, 13

R11410-21 3-inch PMTs; average QE at 175 nm: 36%, average gain: 3 x 106 at 1500 V

PMTs
in Gator

15 R11410 PMTs

Background
spectrum

Gator: LB et al, JINST 6 P08010, 2011 

226Ra/228Th: 
~1 mBq/PMT

http://iopscience.iop.org/1748-0221/6/08/P08010/
http://iopscience.iop.org/1748-0221/6/08/P08010/


XENON1T background predictions
• Materials background: based on screening results for most detector components

• 85Kr: 0.2 ppt of natKr with 2x10-11 85Kr; Rn: 1 µBq/kg; double beta: 2.11x1021 years, 136Xe

• ER vs NR discrimination level: 99.75%; 50% acceptance for NRs

➡Total ERs: 0.3 events/year in 1 ton fiducial volume, [2-12] keVee

➡Total NRs: 0.2 events/year in 1 ton, [5-50] keVnr (muon-induced n-BG < 0.01 ev/year)

Total

Materials

Total
double beta



XENONnT: 2018-2020

• Double the amount of LXe (~7 tons), double the number of PMTs

• XENON1T is designed such that many sub-systems will be reused for the upgrade:

Patrick Decowski - Nikhef/UvA

XENON1T
1.1m

XENON1T
1.4m

XENONnT

Double amount of LXe (~7 tons), ~double # PMTs
Design XENON1T with as much reuse as possible

17

• Water tank + muon veto

• Outer cryostat and 
support structure

• Cryogenics and 
purification system

• LXe storage system

• Cables installed for 
XENONnT as well

• More LXe, PMTs, 
electronics will be needed



The XENON collaboration
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XENON100 CollaborationLNGS, April 2014



darwin.physik.uzh.ch

DARWIN: the ultimate dark matter detector

• ASPERA design study; on the European and 
Swiss astroparticle physics roadmaps

• Currently in the R&D and design phase

• 20 t LXe, 30 t LAr TPCs

• Start construction in 2020, data taking in 2022

397 3-inch PMTs

~ 21 t LXe

~ 2.1 m

475 3-inch PMTs

Ar
Xe

Example for a LXe TPC



Expected backgrounds in DARWIN

• From detailed MC simulations, employing 20 t LXe geometry and Geant4

• Electronic recoils: dominated by solar neutrinos and 2-neutrino double beta decays of 136Xe 
(assumptions: 0.1 ppt of natKr, 0.1 µBq/kg 222Rn)

• Nuclear recoils (as expected from WIMPs and fast neutrons): < 0.03 events/t/y

LB et al., JCAP01 (2014) 044



Backgrounds and WIMPs

• A WIMP with a mass of 40 GeV (100 GeV) and sigma=2x10-48 cm2 (2x10-47 cm2) is well 
above the solar neutrino background

• A WIMP with a mass of 6 GeV and sigma=4x10-45 cm2 has a similar rate as solar 8B 
neutrinos interacting via coherent neutrino-nucleus scatters

JCAP01 (2014) 044⌫ + e� ! ⌫ + e� ⌫ +N ! ⌫ +N



Physics reach: WIMP reconstruction

• Capability to reconstruct the WIMP mass and cross section for various masses and 
hypothetical cross sections (assuming different exposures)

• WIMP search regions: 6.6 - 43 keVnr Xe, 20 - 150 keVnr Ar

Newstead et al., PHYSICAL REVIEW D 88, 076011 (2013)

Xe 10 t yr, Xe 20 t yr 
Xe 10 t yr + Ar 20 t yr

Xe 10 t yr + Ar 20 t yr for XS of:
3x10-46 cm2, 3x10-47 cm2, 3x10-48 cm2

74 events 260 events

78 events

v0 = 220± 20 km/s

vesc = 544± 40 km/s

⇢� = 0.3± 0.1GeV/cm3



Physics reach: WIMP space

DARWIN can probe the experimentally available parameter space for WIMPs (m > 10 GeV/c2)

Patrick Decowski - Nikhef/UvA
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Evolution of the experimentally probed WIMP-
nucleon cross section

• Sensitivity at WIMP masses above ~ 6 GeV/c2 is clearly dominated by noble liquid (Xe) 
time projection chambers

Update from  Physics of the Dark Universe 1, 94 (2012)

~1 event kg-1yr-1~1 event kg-1d-1

LUX

DARWIN
LZ

XENONnT

XENON100

XENON1T

SuperCDMS/EURECA

http://xxx.lanl.gov/abs/1012.4764v1
http://xxx.lanl.gov/abs/1012.4764v1


The DARWIN Consortium

                                                                                                

Dr. Jan Conrad 
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Stockholm, March 5, 2013 
 
 

Application for group membership in DARWIN 
 
                    
                   Dear Prof. Baudis 
   

With this letter I would like to apply for attaching my  group of experimental astroparticle 
physics of the Physics Department of Stockholm University to the DARWIN consortium. 
 
My group is currently one of the leading groups in indirect detection of dark matter, 
foremost active in the gamma-ray satellite Fermi Large Area Telescope, the Air Cherenkov 
Telescope H.E.S.S. II and preparations for the next generation Air Cherenkov Telescope 
Cherenkov Telescope Array (CTA).  The group consist of one (non-tenure-track) assistant 
professor, 3 postdocs and 2 PhD students, although at this point I would be formally the only 
member of DARWIN. Other groups in my department (IceCube and nuclear physics) have 
indicated interest in direct detection and might want to contribute to DARWIN.  

 
Traditionally Sweden has been very strong in indirect detection of dark matter with gamma- 
rays and neutrinos. We share department and corridor with one of the strongest 
phenomenology groups in the field (Lars Bergström and the developers of DarkSUSY), with 
whom my group is closely collaborating. We are part of the excellence cluster “Oskar Klein 
Centre” which comprises astronomy, particle physics and astroparticle physics groups 
representing a variety of  experimental and theoretical activities. 
 
Direct detection is a missing piece in our suite of tools attacking the dark matter problem 
and we have been investigating the possibility to join an activity for a while now, and the 
DARWIN projects strikes me as one of the most promising in terms of reach and feasibility.  
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Request of TU Dresden to join DARWIN  
(
'
Dear Laura, 
'
Next generation noble gas detectors as studied within DARWIN are extremely interesting but 
challenging projects. A contribution and participation from my group at TU Dresden would 
complete my long term planning of activities and I believe we can offer some valueable 
contributions to DARWIN. 
 
We can offer various kinds of neutron sources, among them the most intense DD and DT 
generator in Europe. Measurements in collaboration UZH, Muenster and Mainz could be done 
to study light yields in LAr and LXe (WP3, TG3). As these mesurements are extremely 
important it might be worthwhile to do them twice at UZH and TU Dresden. 
 
Furthermore these sources will allow to measure radioisotope production in LXe/LAr of 
potential danger, even so they haven’t appeared in previous experiments. As highlighted in 
the report (WP8, TG1), the aim of DARWIN is to improve the sensitivity for dark matter 
significantly and especially reducing background by another order of magnitude with respect 
to experiments in the building up phase. This is a real challenge and new background sources 
might show up and have to be considered. We would like to explore parts of these by studying 
neutron reactions on Xe/Ar and also make a detailed study of solar neutrino background. 
Recently we published such a solar neutrino background study for double beta decay in 
Journal of Physics G. Doing solar neutrinos by myself for decades (GALLEX, SNO and 
SNO+) this is also of large personal interest for me. 
 
As part of the planned background improvement also material screening will be a major and 
time consuming task (WP6, TG3). Within this context we can offer the usage of the ultralow 
background Ge-detectors in the Felsenkeller Underground Laboratory for screening 
measurements within DARWIN.  
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Prof Laura Baudis
DARWIN project coordinator 
University of Zurich 

Request to join the DARWIN Collaboration  

Dear Prof Baudis

Following our numerous informal discussions on the subject, I am writing to submit an official 
request to join the DARWIN Collaboration.

My research expertise lies in the development and application of advanced statistical 
techniques to complex data sets, both in cosmology and astroparticle physics. I am one of the 
leading proponents of astrostatistics as a new  discipline able to provide robust and insightful 
data-based answer to complex theoretical problems.  

I am interested in joining the DARWIN Collaboration with a view  to contributing to the 
development of the data analysis pipeline for the identification and characterization of  WIMP 
signals. In particular, I propose to design and implement a Bayesian data analysis pipeline for 
DARWIN, which promises superior capabilities in terms of  extracting a possible weak signal 
from a dominating background and a more accurate and robust modelling of  systematic 
errors. 

A fully Bayesian approach has never been applied to the analysis of  data from a direct 
detection experiment. The Bayesian and frequentist (e.g., profile likelihood) approaches can 
be seen as complementary: they ask different questions from the data, and in general, the 
results might differ. This is particularly to be expected in the case of  interest for discovery 
experiments such as DARWIN, where a high-dimensional parameter space (including 
parameters characterizing the signal, the background component, systematic effects and 
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Summary

• XENON100 has reached its design sensitivity for medium-heavy WIMPs, and it can 
also probe other type of interactions (axions, ALPs, light WIMPs)

• XENON1T is well under constructing at LNGS & various home institutions, 
integration of all sub-systems is planned for spring 2015, with commissioning ~ mid 
2015

• XENONnT is proposed as a fast upgrade to XENON1T, with a factor of 10 increase 
in sensitivity

• DARWIN - an R&D and design study for a third-generation, ‘ultimate’ WIMP dark 
matter detector - would operate 20t LXe/30t LAr detectors, with the goal of probing 
the entire experimentally accessible parameter space for masses >~ 10 GeV

• It could also detect pp-neutrinos in real time, with high stats, possibly coherent 
neutrinos scattering, axions, ALPs, etc



The end



Signal and backgrounds in DARWIN
JCAP01(2014)044

Physics channel Low-energy ⌫ measurement Dark matter search

Energy range 2–30 keV 2–10 keV

Assumptions No ER/NR discrimination 99.5% ER rejection

50% NR acceptance

Rate Events/(14 t·y) Events/(14 t·y)
Solar pp neutrinos 1180 1.75

Solar 7Be neutrinos 151 0.25

100GeV/c2 WIMP, 2⇥10�47cm2 42 19

40GeV/c2 WIMP, 2⇥10�48cm2 5.2 2.5

Coherent ⌫ scattering 0.98 0.45

Detector components 19 0.03
85Kr in LXe (0.1 ppt of natKr) 565 0.82
222Rn in LXe (0.1µBq/kg) 139 0.20
136Xe (2⌫��) 785 0.41

Table 2. Total solar neutrino and WIMP signal rates in DARWIN for a fiducial mass of 14 t of LXe
and two WIMP masses and cross sections. The energy regions 2-30 keV and 2-10 keV are considered
for the solar neutrino and the dark matter search, respectively. For the latter, a 99.5% rejection of
electronic recoils, and a 50% acceptance of nuclear recoils is assumed.

To calculate the expected di↵erential recoil spectra in the detector, we employ the
so-called electron-equivalent energy scale, in general determined with gamma- and electron
emission from calibration sources [46]. For nuclear recoils as generated by WIMP collisions,
or coherent neutrino-nucleus interactions, the scintillation and charge signals are suppressed
compared to electronic recoils of the same energy. Our energy scale is based on the detection
of the primary scintillation signal, as custom in current xenon dark matter experiments.
Using the average relative scintillation e�ciency, Le↵ , of low-energy nuclear recoils in liquid
xenon [47], an energy threshold of 2 keV corresponds to a nuclear recoil energy of 6.6 keVnr,
while an upper bound of 10 keV corresponds to 36.8 keVnr. The energy resolution of the
detector is considered as follows: the nuclear recoil spectra are converted into the spectra of
observed number of photoelectrons using Le↵ and assuming the same light yield at 122 keV
as achieved in the XENON100 detector [48]. In a next step, Poisson fluctuations in the
number of photoelectrons are applied and the spectra are converted to the electronic recoil
energy scale using the measured light yield of low-energy electronic recoils at a drift field of
⇠0.5 kV/cm [46], which agrees well with the NEST prediction [49]. We note however that
in the future, both light and charge signals will likely be employed to determine the energy
scale of electronic and nuclear recoils in a liquefied noble gas detector.

In figure 3, left, we show the expected nuclear recoil energy spectra versus energy for
two WIMP masses and cross sections, along with the energy spectra of the recoiling electrons
in liquid liquid xenon for the pp and 7Be neutrinos and the double beta spectrum from 136Xe
decays. Assuming a factor 200 discrimination between electronic- and nuclear recoils, and
without subtracting the neutrino electronic recoil background, this component becomes a
limitation for the dark matter search channel around spin-independent WIMP-nucleon cross
sections of 2⇥10�48cm2, dominated by interactions of pp-neutrinos.

The expected nuclear recoil rates from coherent neutrino-nucleus interactions were cal-
culated in [50–52], for cosmic and terrestrial neutrino sources, respectively. Here we also
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DARWIN: sensitivity to double beta decay of 136Xe
JCAP01(2014)044
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Figure 4. (Left): integral background rate in ±3� energy region around the Q-value (2385–2533 keV)
as a function of fiducial LXe mass. (Right): predicted background spectrum around neutrinoless
double beta decay peak for 6 t fiducial mass. We show the overall background (thick black solid)
which includes contributions from detector materials (black), from 0.1µBq/kg of 222Rn in the LXe
(black dashed), from 8B neutrino scatters (green dotted)and 2⌫��-decays with T1/2=2.11⇥1021 y
inside the liquid xenon (blue). The potential signal for the neutrinoless double beta decay (0⌫��,
red) assumes T1/2=1.6⇥1025 y.

The Q-value of the double beta decay of 136Xe is (2458.7±0.6) keV [55]. Employing
an energy scale based on a linear combination of the charge and light signals, which have
been shown to be anti-correlated in liquid xenon TPCs [15, 18, 53], the extrapolated energy
resolution is �/E = 1% in this high-energy region.

The combined e�ciency of the fiducial volume and multi-scatter cut, which rejects
events with a separation larger than 3mm in the z-coordinate [18] is 99.5% in a ±3� energy
interval around the Q-value. The materials background is dominated by 214Bi, followed by
208Tl decays in the photosensors and in the cryostat, and can only be further reduced, for
a given fiducial volume, by identifying detector construction materials with lower 226Ra and
228Th levels. The background contribution from internal radon can be e�ciently rejected
by so-called 214Bi–214Po tagging. It exploits the fact that the 214Bi �-decay (Q�= 3.3MeV)
and the 214Po ↵-decay (Q↵= 7.8MeV) occur close in time, with a mean lifetime of the 214Po
decay of 237µs. At the high energies relevant for the double beta decay, only the �-decay
will contribute to the background. We assume a tagging e�ciency of 99.8%, as achieved
in EXO-200 [38] and confirmed by us in a Monte Carlo simulation, assuming that 214Po
decays can be detected up to 1ms after the initial 214Bi decay. The event rate from radon,
considering the same 0.1µBq/kg contamination level as for the dark matter search region, is
0.035 events/(t·y) in a ±3� energy region around Q�� .

We have also estimated the background from elastic neutrino-electron scatters from 8B
solar neutrinos. As the endpoint of the electron recoil energy spectrum extends up to about
14MeV, such single-site scatters are a potential background source for double beta experi-
ments. Using the 8B neutrino flux of �8B=5.82⇥106 cm�2s�1 [8] and mean scattering cross
sections of �⌫e=59.4⇥10�45 cm2 and �⌫µ=10.6⇥10�45 cm2 for electron- and muon-neutrinos
respectively [22], we obtain an event rate 0.036 events/(t y) in the energy region of interest,
see also table 3. While this is above the expected background from 2⌫��-decays, and similar
to the radon contribution, it is well below the one from detector materials.

The expected total background in a ±3� region around the Q-value is 4.6 events/(t·y)
in 6 t of LXe fiducial mass. With an exposure of 30 t·y, a sensitivity to the neutrinoless
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Signal and backgrounds in the bb-region
JCAP01(2014)044

Events/(6 t·y)
Energy range 2385–2533 keV

Signal events 106

Detector components 27
222Rn in LXe (0.1µBq/kg) 0.21
8B (⌫-e scattering) 0.22
136Xe (2⌫��) 0.14

Table 3. Expected signal for the neutrinoless double beta decay (for T1/2 = 1.6⇥1025 y) and back-
ground events from detector components, 222Rn in liquid xenon, 8B neutrino scatters and from 2⌫��
decays of 136Xe in the energy region 2385–2533 keV. A fiducial mass of 6 t of LXe and an energy
resolution of �/E = 1% at the Q-value is assumed.

double beta decay of T0⌫
1/2 > 5.6⇥1026 y (at 95% C.L.), assuming a signal-to-background

ratio of 1 and a 90% detection e�ciency, could be reached. This is more than a factor of
20 improvement with respect to the current lower limit on the half-life by EXO-200 [15] and
KamLAND-Zen [16]. The sensitivity to the e↵ective Majorana neutrino mass would be in
the range 20-60meV, depending on the value of the nuclear matrix element [12], allowing us
to test part of the inverted-hierarchy region for neutrino masses.

In figure 4, right, we show the energy spectrum in the energy region of interest for the
double beta decay. The background from detector components, from 222Rn and 2⌫��-decays
inside the liquid xenon, as well as from elastic 8B neutrino-electron scatters is displayed
along with a hypothetical signal for an assumed half-life of 1.6⇥1025 y. Such a signal would
provide, after 1 year of data taking, 106 events in a ±3� region around the Q-value, with
a background expectation of 28 events. The signal-to-background ratio can be enhanced by
an improved energy resolution and by optimizing the energy window for the search, as the
locations of the main background peak from 214Bi decays, at 2448 keV, and the expected
signal peak are shifted in energy with respect to one another. In table 3 we summarize the
hypothetical signal and the expected backgrounds in the energy region of interest for the
double beta decay.

An ‘ultimate’ sensitivity can be estimated assuming that the detector materials induced
background can be reduced to negligible levels. In this case, the background from radon,
neutrinos and the two neutrino double beta decay would yield an integrated rate of about
0.1 events/( t·y). Requiring once again a signal-to-background ratio of unity would allow us
to probe the half-life of the neutrinoless mode up to T1/2 = 8.5⇥1027 y (at 95% C.L.), after
10 years of data and using 14 t of natural xenon.

6 Summary and discussion

We have studied the sensitivity of xenon-based, next-generation dark matter detectors to solar
neutrinos, to coherent neutrino-nucleus scattering and to the neutrinoless double beta decay
of 136Xe. As a concrete example, we considered the proposed DARWIN noble liquid TPC, for
which we made realistic assumptions used for a detailed background study. The xenon part
of DARWIN, if realized with 21 t (14 t) of total (fiducial) liquid xenon mass, would observe,
possibly for the first time, the real-time pp solar neutrino flux via elastic neutrino-electron
interactions. A rate of about 1180 events/y is to be expected for a realistic energy threshold
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Using a fiducial mass of 6 t of xenon and an exposure of 30 t yr, a sensitivity to the 
neutrinoless double beta decay of 136Xe of T1/2 > 5.6 x 1026 yr can be reached

JCAP01(2014)044
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observed number of photoelectrons using Le↵ and assuming the same light yield at 122 keV
as achieved in the XENON100 detector [48]. In a next step, Poisson fluctuations in the
number of photoelectrons are applied and the spectra are converted to the electronic recoil
energy scale using the measured light yield of low-energy electronic recoils at a drift field of
⇠0.5 kV/cm [46], which agrees well with the NEST prediction [49]. We note however that
in the future, both light and charge signals will likely be employed to determine the energy
scale of electronic and nuclear recoils in a liquefied noble gas detector.

In figure 3, left, we show the expected nuclear recoil energy spectra versus energy for
two WIMP masses and cross sections, along with the energy spectra of the recoiling electrons
in liquid liquid xenon for the pp and 7Be neutrinos and the double beta spectrum from 136Xe
decays. Assuming a factor 200 discrimination between electronic- and nuclear recoils, and
without subtracting the neutrino electronic recoil background, this component becomes a
limitation for the dark matter search channel around spin-independent WIMP-nucleon cross
sections of 2⇥10�48cm2, dominated by interactions of pp-neutrinos.

The expected nuclear recoil rates from coherent neutrino-nucleus interactions were cal-
culated in [50–52], for cosmic and terrestrial neutrino sources, respectively. Here we also
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Backgrounds

• XENON100: materials, radon, krypton

• current run: < 1.3 ppt (90% C.L.) natKr=> < 0.05 mdru from 85Kr 
(85Kr present at 10-11 mol/mol in natKr); 65 µBq 222Rn

• XENON1T: radon, krypton, materials, solar neutrinos

• assumptions 0.5 ppt natKr; 1 µBq/kg 222Rn

• DARWIN: solar neutrinos, double beta decay (136Xe), 
85Kr, 222Rn, detector components

• assumptions 0.1 ppt natKr; 0.1 µBq/kg 222Rn

• NR background: sub-dominant

85Kr

85Rb

85Rb⇤

��

�
⌧ = 1.46µs

E0 = 173 keV

E = 514 keV

0.434%



XENON100: signals, and background reduction

• Fiducial volume and ER/NR discrimination cut

WIMP-nucleon cross section : 1.9 x 10-41 cm2; 
CDMS Si results, 140 kg d 

XENON100: WIMP with mW = 8.6 GeV

observed: 224.6 live days, 34 kg,
1 background event expected

The fiducial volume used in this analysis contains 34 kg
of LXe. The volume was determined before the unblinding
by maximizing the dark matter sensitivity of the data given
the accessible ER background above the blinding cut. The
ellipsoidal shape was optimized on ER calibration data,
also taking into account event leakage into the signal re-
gion. A benchmark WIMP search region to quantify the
background expectation and to be used for the maximum
gap analysis was defined from 6:6–30:5 keVnr (3–20 PE) in
energy, by an upper 99.75% ER rejection line in the dis-
crimination parameter space, and by the lines correspond-
ing to S2> 150 PE and a lower line at !97% acceptance
from neutron calibration data (see lines in Fig. 2, top).

Both NR and ER interactions contribute to the expected
background for the WIMP search. The first is determined
from Monte Carlo simulations, by using the measured
intrinsic radioactive contamination of all detector and
shield materials [8] to calculate the neutron background
from ð!; nÞ and spontaneous fission reactions, as well as
from muons, taking into account the muon energy and
angular dependence at LNGS. The expectation from these
neutron sources is (0:17þ0:12

%0:07 ) events for the given expo-
sure and NR acceptance in the benchmark region. About
70% of the neutron background is muon-induced.

ER background events originate from radioactivity of
the detector components and from " and # activity of
intrinsic radioactivity in the LXe target, such as 222Rn and
85Kr. The latter background is most critical, since it cannot
be reduced by fiducialization. Hence, for the dark matter
search reported here, a major effort was made to reduce the
85Kr contamination, which affected the sensitivity of the
previous search [6]. To estimate the total ER background
from all sources, the 60Co and 232Th calibration data are
used, with>35 times more statistics in the relevant energy
range than in the dark matter data. The calibration data are
scaled to the dark matter exposure by normalizing it to the
number of events seen above the blinding cut in the energy
region of interest. The majority of ER background events
is Gaussian distributed in the discrimination parameter
space, with a few events leaking anomalously into the NR
band. These anomalous events can be due to double scat-
ters with one energy deposition inside the TPC and another
one in a charge insensitive region, such that the prompt S1
signal from the two scatters is combined with only one
charge signal S2. Following the observed distribution in
the calibration data, the anomalous leakage events were
parametrized by a constant (exponential) function in the
discrimination parameter (S1 space). The ER background
estimate including Gaussian and anomalous events is
(0:79& 0:16) in the benchmark region, leading to a total
background expectation of (1:0& 0:2) events.

The background model used in the PL analysis employs
the same assumptions and input spectra from MC and
calibration data. Its validity has been confirmed prior to
unblinding on the high-energy sideband and on the vetoed
data from 6:6–43:3 keVnr.

After unblinding, two events were observed in the bench-
mark WIMP search region; see Fig. 2. With energies of 7.1
(3.3) and 7:8 keVnr (3.8 PE), both fall into the lowest PE bin
used for this analysis. The waveforms for both events are of
high quality, and their S2=S1 value is at the lower edge of
the NR band from neutron calibration. There are no leakage
events below 3 PE. The PL analysis yields a p value of
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FIG. 2 (color online). (Top) Event distribution in the discrimi-
nation parameter space log10ðS2b=S1Þ, flattened by subtracting
the distribution’s mean, as observed after unblinding using all
analysis cuts and a 34 kg fiducial volume (black squares). A lower
analysis threshold of 6:6 keVnr (NR equivalent energy scale) is
employed. The PL analysis uses an upper energy threshold of
43:3 keVnr (3–30 PE), and the benchmark WIMP search region is
limited to 30:5 keVnr (3–20 PE). The negligible impact of the
S2> 150 PE threshold cut is indicated by the dashed-dotted blue
line, and the signal region is restricted by a lower border running
along the 97% NR quantile. An additional hard S2b=S1 discrimi-
nation cut at 99.75% ER rejection defines the benchmark WIMP
search region from above (dotted green line) but is only used to
cross-check the PL inference. The histogram in red and gray
indicates the NR band from the neutron calibration. Two events
fall into the benchmark region where (1:0& 0:2) are expected
from background. (Bottom) Spatial event distribution inside the
TPC using a 6:6–43:3 keVnr energy window. The 34 kg fiducial
volume is indicated by the red dashed line. Gray points are above
the 99.75% rejection line, and black circles fall below.
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